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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The effects of loading intensity and material structure on statistical regularities of fragmentation were studied. The 
material under investigation is zirconia-based ceramics. The samples with different pore structure (10%, 20%, 30%, 
45%, 60% - the porosity of the powder used for ceramic sample sintering) were tested. The experimental data on 
dynamical fragmenta i n of ZrO2 ceramics allowed s t  construct th  fr gm nt size distribution (spatial scaling) 
and the distribution of time interval between fractoluminiscense pulses (time scaling). The power law exponent of 
spatial scaling depends on ceramics porosity and intensity of loading, which has a considerable influence on the 
power law exponent for samples with highest porosity (60%). Two types of the distribution function for time 
interval were observed. For ceramics of low porosity (less than 60%) the distribution is fitted by two power laws 
with different exponents, and the distribution of time intervals for ceramics of highest porosity (60%) obeys one 
power law. An increase in porosity leads to the growth of the number of single fracture events (the number of 
middle and short intervals), as a consequence of missing the second power law exponent. Statistics of pore systems 
in two sampl s with 20% and 60% porosity was studied using X-ray Computed Tomography (CT). Analyzing more 
than a thousand of cr ss section images for every sample, we get a cumulative pore area dist ibution, and a 
relationship between area and perimeter. The best fitting for pore area distribution are: 1) two power laws f r sample 
with highest porosity (60%); 2) double exponential law for low porosity (20%). The area – perimeter relation 
satisfies a power law. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
 
 
* Corresponding author. Tel.: +7-342-237-8312; fax: +7-342-237-8487. 
E-mail address: davydova@icmm.ru 
 
Available online at www.sciencedirect.com 
Scienc Direct 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Scaling laws of structure and fragmentation parameters of ZrO2 
ceramics. 
Marina Davydovaa*, Sergey Uvarova 
aInstitute of Continuous Media Mechanics UB RAS, 1, Ac. Korolev str., Perm 614013, Russia 
 
Abstract 
The effects of loading intensity and material structure on statistical regularities of fragmentation were studied. The 
material under investigation is zirconia-based ceramics. The samples with different pore structure (10%, 20%, 30%, 
45%, 60% - the porosity of the powder used for cera ic sample sintering) were tested. The experimental data on 
dynamical fragmentation of ZrO2 ceramics allowed us to construct the fragment size distribution (spatial scaling) 
and the distribution of time interval between fractoluminiscense pulses (time scaling). The power law exponent of 
spatial scaling depends on ceramics porosity and intensity of loading, which has a considerable influence on the 
power law exponent for samples with highest porosity (60%). Two types of the distribution function for time 
interval ere observed. For ceramics of low porosity (less than 60%) the distribution is fitted by two power laws 
with different exponents, and the distribution of time intervals for ceramics of highest porosity (60%) obeys one 
power law. An increase in porosity leads to the growth of the number of single fracture events (the number of 
middle and short intervals), as a consequence of missing the second power law exponent. Statistics of pore syste s 
in two samples ith 20% and 60% porosity was studied using X-ray Computed Tomography (CT). Analyzing ore 
than  thousan  of cross section im ges for ev ry sa pl , we get a cu l ve po area distr bution, and a 
relationship between area and perimeter. The best fitting for pore area distribution are: 1) two power laws for sample 
with highest porosity (60%); 2) double exponential law for low porosity (20%). The area – perimeter relation 
satisfies a power law. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
 
 
* Corresponding author. Tel.: +7-342-237-8312; fax: +7-342-237-8487. 
E mail address: davydova@icmm.ru 
2 Author name / Structural Integrity Procedia  00 (2016) 000–000 
Keywords: Ceramics; brittle fragmentation; scaling law. 
1. Introduction 
The statistical regularities of ceramics fracture arouse interest due to the development of new materials, which 
can effectively absorb mechanical energy under intensive loading. The experiment on dynamic fragmentation of 
ZrO2 (Davydova et al., 2015, 2016) ceramics shows that the structure of the material (ceramics porosity) has an 
essential influence on the fracture mechanism. Three types of pores have been revealed in ZrO2 ceramics: large 
cellular hollow spaces (inside the powder particle of ZrO2), interparticle pores, which are not filled with powder 
particles and the smallest pores in the shells of cells (Kalatur et al., 2013). In our previous papers (Davydova et al., 
2015, 2016) we suppose that fracture is the competition between the processes induced by cellular hollow spaces and 
interparticle pores. The present paper includes the investigation of defect (pore) ensemble using X-ray Computed 
Tomography (CT). The analysis of pore size distribution allows us to explain fragment size distribution (spatial 
scaling) and the distribution of time intervals between fractoluminiscense pulses (time scaling). 
 
Nomenclature 
r  linear fragment size 
N   fragments or pore number 
m  fragments mass 
V  fragments volume 
SD  power law exponent of the fragment size distribution 
t  time interval size 
tD  power law exponent of the time interval size distribution 
tN  time interval number 
S  pore area in tomographic image  
P  pore perimeter in tomographic image 
lD  fractal dimension of a closed irregular curve bounding a plane area 
 
2. Experimental 
2.1. Sample 
The specimens were fabricated at the Institute of Strength Physics and Material Sciences (SB RAS, Tomsk)) 
from the ceramics of ZrO2-MgO system (8.6 % mol MgO) by the plasmochemical method (Kalatur et al., 2013). 
Preparation of ceramic specimens was accomplished by the powder metallurgy technique, which consisted in 
powder compacting within the steel molds with a hydraulic punch under compacting pressure of 70 MPa. The 
obtained compacts were sintered in air at 1550оС and then subjected to isothermal exposure within an hour. The 
specimens had the shape of cylinders of diameters from 8.5 to 13 mm, length from 6.8 to 12.2 mm and weight from 
2.2 to 6.3g. The porosity of the initial powder before compacting varied from 10% to 60%. The calculation of the 
porosity as the relative area of the pore in the sample cross-section using the CT data shows that real porosity of the 
sample prepared from 20% powder is about 2%, and real porosity of the sample prepared from 60% powder is about 
30%. In our previous paper (Davydova et al., 2015, 2016) under the porosity, we mean the porosity of the powder 
before sintering (ranging from 10% to 60%), and in present paper we will operate with real porosity (2% and 30%). 
A preliminary series of tests, which were conducted for specimens not subjected to machining after sintering, 
showed that to improve invariability of investigations it is necessary that the edges of the specimens be strictly 
parallel, and the specimen surface be free of defects. Therefore in the experiments that followed the sintered 
Copyright © 2016 The Authors. Published by Els vier B V. This is an open access article under the CC BY-NC-ND license  
(http://c ativecommon .org/licenses/by-nc-nd/4.0/).
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middle and short intervals), as a consequence of missing the second power law exponent. Statistics of pore systems 
in two samples with 20% and 60% porosity was studied using X-ray Computed Tomography (CT). Analyzing more 
than a thousand of cross section images for every sample, we get a cumulative pore area distribution, and a 
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specimens were machined with a diamond hollow drill to give them the shape of regular cylinders. After this the 
specimens were placed into a steel frame (casing) with cylindrical holes (up to 30 holes) and were polished with 
abrasive wheel made of silicone carbide until the cylinder bases became strictly parallel. 
2.2. Testing equipment 
The tests were carried out using a split Hopkinson pressure bar which consisted of the input (3 m in length and 25 
mm in diameter) and output (1m in length and 25 mm in diameter) bars to provide single-pulse loading conditions. 
The bars were made of high-strength steel (σв~1900GPa). A specimen was sandwiched between the bars and 
separated from them by the impedance–matched WC (tungsten carbide) inserts to prevent specimens from being 
indented into the bars, the hardness of which was less than the hardness of the examined ceramics. The position of 
the bars was carefully adjusted before each loading to ensure a uniform distribution of the force applied to the 
specimen end faces. In order to eliminate (minimize) the effects of dispersion in the bars and to provide the dynamic 
stress equilibrium conditions (the equality of forces applied to the specimen ends) during tests, we used a brass pulse 
shaper, which had the form of a plate of size 7x7 mm and thickness 1,4 mm. By varying the striker velocity we 
managed to increase the deformation rate from 400 to 3000 s-1. 
The study of fragmentation statistics, which, as a rule, consists in obtaining the size distribution of fragments, 
requires that the split Hopkinson bar be modified.  The specimen and the ends of the bars adjacent to the specimen 
were placed into a plastic cylinder, which allowed the fragments of ceramics to remain confined within the cylinder 
and provided dimming necessary for registration of the fractoluminiscence impulses. The cylinder had two openings 
intended for photomultiplier tubes (PMT), which were installed at a small distance in front of them.  The 
photomultipliers were protected against flying debris by a polycarbonate film 0,5 mm thick. PMT recorded the 
fractoluminiscence impulses generated during specimen fracture. A sequence of signals, each corresponding to the 
formation of a new fracture surface, was recorded by the Tektronix digital oscilloscope DP07254. Thus, the 
modified setup had the advantage of getting both the deformation curves and the statistic characteristics of the 
fragmentation process, based on the data on the two types of distribution: size distribution of the spatial parameter 
(fragment size) and size distribution of the temporal parameter (the interval between fractoluminiscence impulses). 
3. Results 
3.1. Fragment size distribution 
Investigation of fragmentation statistics generally involves the construction of cumulative fragment size 
distribution, i.e., determination of the relationships between the number of fragments N , the size r  (mass m ) of 
which is larger than a prescribed value, and the size r  (mass m ) of the fragment. The fragment mass was measured 
by weighing each fragment on the electronic balance HR-202i (precision of the balance was 10-4 g and its minimum 
weight 10-3g). The large- size fragments were weighed separately and small-size fragments were passed through a 
set of sieves. To calculate the total number of fragments in the sieves, we determined the average mass of fragments 
by weighing 100÷300 fragments with a total mass more than a minimum weight of the balance. For approximation 
of the experimental data, four distribution functions were analyzed: exponential, lognormal, power law and double 
power law. Fig. 1 presents a log-log plot of the fragment size distribution for specimens with 2% porosity (Fig.1a) 
and 30% porosity (Fig.1b). The log of the linear fragment size r  is plotted along the x-axis. The logarithm was 
calculated as the cube root of the volume V  (mass m )  
lg( ) ~ lg( ) / 3 ~ lg( ) / 3r V m ,    (1) 
The log of the number of the fragments N  whose linear size r  is larger than a prescribed value, is plotted on the y-
axis. The distribution of small fragment is well described (R2>0.98) by the power law function 
( ) ~ SDN r Cr .    (2) 
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Fig. 1. (a) fragment size distribution for sample with porosity 2%; (b) fragment size distribution for sample with porosity 30%. 
The fitting of big fragment mass distribution to power law is not so good - R2>0.94. The power law exponent of the 
fragment size distribution was found to depend on loading intensity (specific strain energy) and material structure 
(porosity). Thus, for ceramics of low porosity 2% (Fig.1a) an increase of the specific strain energy by a factor of 
3.35 leads to inessential increase in the power law exponent of the fragment size distribution SD  from  1.98 to 2.20 
(by a factor of  0.22), whereas the exponent for ceramics of high porosity 30% (Fig.1b) increases from с 2.03 to 3.19  
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(by a factor of 1.16) with increasing specific strain energy by a factor of 1.86. High (30%) initial (before loading) 
porosity leads to a spread of distribution parameter, which means considerable variation in fragmentation scenario.  
3.2. Distribution of time interval 
 
Fig. 2. Size distribution of intervals between fractoluminescence pulses: ceramic porosity of 2% -blue line; ceramic porosity of 30% -green line. 
The fracture surfaces generated as a result of ceramic fragmentation initiate emission of light, the intensity of 
which is registered by two photomultiplier tubes (PMT) with the rise time of 0.8 ns, which were located on the two 
opposite side surfaces of the specimen. The reason why we used two PMT was our intent to maximally improve 
reliability of the experiment. The PMT signals were transmitted to oscilloscope with the bandwidth of 3.5 GHz and 
sampling rate up to 10 GHz. In the experiments, the sampling rate was set equal to 1 GHz. The fact that 
fractoluminescence pulses persist after the loading pulses have ceased suggests maintenance of an active interaction 
in the system of pores and microcracks, which survives as long as 300-400 µs after unloading. The time interval 
between the fractoluminescence impulses ranges from two to several hundred nanoseconds in the active fracture 
stage and increases to 106 nanoseconds in the final stage. The number of intervals depends on the ceramic porosity. 
With the growth of porosity from 2% to 30% the number of intervals (or impulses) increases by a factor of 18, 
which is evidently accounted for by multiple fractures of “partitions” between the pores distributed in the specimen 
(Fig.3a). A considerable increase in the number of the middle and small intervals influences the shape of the 
distribution function. Fig. 2 presents a log-log-plot of the interval-size distribution function, which depicts the 
dependence of the number of intervals tN  with the size larger than or equal to t . This type of distribution function 
is common to the traditional statistical analysis of spatial fragmentation. The time intervals distribution function for 
specimens having porosity between 2% and 30% is well described by two straight lines (R2>97%) (Fig.2, blue line). 
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A characteristic curve describing the distribution function for specimens with porosity of 30% is given in Fig.2 
(green line). As it is seen (green line), the experimental data fall within three zones: 1) small intervals are denoted by 
triangle; 2) large intervals - by box; 3) middle intervals approximated by a straight line (R2>97%) – by filled 
triangle. Deviation from the straight line in the zone of small intervals (the number of points is no more than 10%) is 
explained by the fact that the size of the intervals is comparable with the oscilloscope sample rate (1 ns). In the zone 
of large-size intervals (no more than 2% of points) the deviation is due to the finite-size effect, i.e., the size of the 
interval is comparable with the process lifetime. The middle zone generally accounts for more than 80% of points. 
The value of the exponent (the slope angle) tD  in the expression  
( ) ~ tDtN t Ct     (3) 
depends not only of the ceramic porosity, but also on loading conditions (specific strain energy ). 
3.3. Tomography 
Two non-deformed ceramics samples with porosity of 30% (Fig.3a) and 2% (Fig.3b) were investigated using X-
ray Computed Tomography (CT) (Nikon Metrology XT H 225+180 LC, Perm State University). CT provides a 
detailed inner cross-section image (about 1300 slices for a sample) which allows us to determine the location and 
shape of the pores (Fig.3). To calculate the number, area, and perimeter of the pores in all slices we used the Image J 
program for image processing and their analysis. 
 
 
Fig. 3. (a) x-ray tomographic image of the cross-section of ceramic specimen with 30% porosity (dark spots are pores); (b) x-ray tomographic 
image of the cross-section of ceramic specimen with 2% porosity. 
Fig.4 shows the results of the data processing for six slices of sample with 30% porosity (upper plot) and for 
three slices of sample with 2% porosity (lower plot). N  is a number of pore with the area greater than S . Colour 
filled circles indicate the experimental data for different slices. To fit experimental distribution we have tested six 
laws: 
 
1. Power law (3 constants) ( ) bf x ax c   
2. Power law (2 constants) ( ) bf x ax  
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(by a factor of 1.16) with increasing specific strain energy by a factor of 1.86. High (30%) initial (before loading) 
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3. Power law with exponential decay (1 )( ) exp( / ) cf x a x b x     
4. Exponential law ( ) exp( )f x a bx  
5. Double exponential law ( ) exp( ) exp( )f x a bx c dx   
6. Two power laws with different power law exponent for small and big pores. 
 
The pore area distribution for different slices of sample with 30% porosity can be good (R2>97) described by the  
 
Fig. 4. Pore area distribution. 
function 1, 3 or 5. A more general function, which is suitable for all slices, is 6. On the log-log plot, the parts of 
distribution curves, which correspond to the pore size ranging from 0.003 to 0.1 mm2, are practically the straight 
lines (R2>98%). Low porosity (2%) provides more stable statistics. The double exponential law (5) fits the 
distributions in the majority of the slices. It is interesting that in the range S  from 0.002 to 0.01 mm2 the 
cumulative number of pores N  is practically constant, which means that the slices contain a very small number of 
pores of this size. We got two separate distributions for small and large pores. Thus, for fitting small pore 
distribution we can use not only the exponential, but also the power function, whereas large pore distributions can be 
fitted by the exponential function, only. The “large” pore size for the sample with 30% porosity is about 0.7-3 mm2, 
and for 2% porosity is about 0.07-0.2 mm2. The size that separates large and small pore sizes for sample with 30% 
porosity is about 0.08 mm2, and for sample with 2% porosity is 0.03 mm2. 
Fig. 5 presents the log-log area-perimeter plot, which is based on the data for all slices. According to this plot, we 
may conclude that pores are the fractal objects, because they are similar in shape and satisfy the following perimeter 
- area relation (Feder, 1988): 
2/~ lDS CP    (4) 
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4. Conclusions 
The analysis of interparticle pore distribution in non-deformed samples help us to explain the experimental 
results of dynamic fragmentation of ZrO2 ceramics. Variation in power law exponent (Fig.1b) of the fragment size 
distribution for sample with porosity 30% is due to the considerable number of pores and scattering of pore size in 
the range from 0.7 to 3mm2. Stable statistics (distributions for different region of the sample are described by the 
same law) for sample with porosity 2% yields a small variation in the power law exponent (Fig.1a) at different 
values of loading energy. The presence of a large number of pores and scaling in pore size (upper plot in Fig. 4) 
provide the distance between the defects comparable with the pore size. Therefore, we observe more fracture events 
(~ 18 times greater) and time scaling (green plot) in the samples with 30% porosity.  
 
 
Fig. 5 .Area-perimeter plot. 
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